10/529,597- Marked-Up Version 



PHOTO ACOUSTIC DETECTOR 



FIELD OF THE INVENTION 

The invention relates to a photoacoustic detector as set forth in the preambles of the 
5 appended independent claims, and to a sensor for a photoacoustic detector as well as 
to a method in the optimization of a door used as a sensor for a photoacoustic 
detector. 

DESCRIPTION OF RELATED ART 

When infrared radiation or light in general falls on a gas-filled chamber containing a 
10 gas to be analyzed at a partial pressure p x and a carrier gas at a partial pressure p N 

(often typically nitrogen), radiation will be absorbed by the gas p x . After the 
absorption process, energy converts to thermal movement at a certain time constant 
r (e.g. 10 5 s). Thus, temperature of the total gas increases by AJper unit time. The 
increase of temperature results also in a pressure increase Ap. 

15 

A typical photoacoustic detector comprises a chamber, which is suppliable with a 
gas to be analyzed, a window for letting modulated or pulsed infrared radiation or 
light in the chamber, and a pressure sensor adapted to measure pressure variations 
produced by absorbed infrared radiation or light in the chamber. The pressure sensor 
20 comprises typically a microphone, a thin Mylar or metal film. A photoacoustic 
detector can be used for measuring or detecting infrared radiation in general, but one 
specific and important application of a detector deals with the measurement and 
detection of gases or gas mixtures regarding for example air quality and pollution. 

25 In microphones, the movement of a film (Mylar) is usually measured capacitively. 
The Mylar film is coated with metal and placed in the proximity of another solid 
metal diaphragm. The result is a capacitor, having a capacitance 

C = ^, (a) 

where h represents a distance between the films at rest, A is a surface area of the 
30 films, 8 r s 0 is a dielectric constant for a gas present between the sheets and 8 0 the 

same for a vacuum. The measurement of C provides h which gives the movement of 
a Mylar film, because 

AC = -^V (b) 

where Ah is a change of distance in the middle and Ah/3 is an average change of 
35 distance. Further 
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AC Ah 
C ~ h 

or 

|M - |W ^C = 5^' (d) 
where £ / N is a signal-to-noise ratio in measuring electronics. 

5 

Capacity measurements of the prior art are limited by a gas flow present between the 
sheets, as h changes. As the gap h decreases, the gas is forced to flow out from 
between the sheets and return when h is increasing. The flow has inertia and that 
requires energy. A result of this is that, the higher the angular oscillation frequency 
10 co of a diaphragm and the smaller h, the more the flow decreases the amplitude of a 
diaphragm movement. Thus, h cannot be decreased infinitely, as this would augment 
a signal AC. Therefore, the commercially available microphones function at the 
limits of physical laws and their responsivity cannot be improved in that regard. 

15 In their publication [1], Nicolas Lederman et al. disclose a photoacoustic detector 
for a sensor, wherein the sensor is fabricated from a cantilever type film, which 
responses to the movement of a gas in the chamber of a photoacoustic detector and 
in which film is integrated a piezoelectric element registering the cantilever 
movement. A problem with the sensor set forth in the publication is that the 

20 cantilever's resonance frequency has been omitted. It is likely that a piezoelectric 
element attached to a sensor increases the sensor's resonance frequency and thus 
deteriorates the sensor's response. The sensor presented in the publication is quite 
inaccurate and, therefore, not suitable for high precision applications. Neither does 
the publication say anything about optimization of a chamber and a sensor in the 

25 photoacoustic detector, i.e. the ratio of the size of a chamber to that of a sensor. 

In their publications [2] and [3], M.H. de Paula et al. also disclose an alternative to a 
traditional diaphragm solution. The publications propose that a pellicle be fitted 
over a small duct in a photoacoustic detector cell at a distance of about 0, 1 mm from 

30 the duct. According to what is stated in the publication, the pellicle is not provided 
with a so-called rim around itself, the pellicle thus extending beyond the duct 
boundaries, i.e. the question is not about a cantilever like the one shown in 
publication [1]. Hence, the fundamental problem in the publications of de Paula et 
al. is indeed the fact that the pressure to be measured and existing in a photoacoustic 

35 detector cell is only applied to a small portion of the total area of the pellicle, 
resulting in a considerably lower response. In addition, there is a leak from under 
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the pellicle which is large with respect to the duct size, which further reduces the 
pellicle response. The publications [2] and [3] further describe an optical angular 
measurement for measuring the movement of a pellicle. However, the shape of a 
pellicle set forth in the cited publications is in practice unfavourable for angular 
5 measuring. Consequently, the solution proposed in publications [2] and [3] is not 
sufficiently responsive for highly accurate measurements and high precision 
applications. 

Furthermore, atomic force microscopy uses cantilever typed pellicles. High 
10 frequencies are thus required from the pellicles, and, therefore, pellicles used in 
atomic force microscopy are not suitable for a photoacoustic detector. 

Another problem in photoacoustic detection is a disturbance thereof as a result of 
external sounds. Thus, if the intra-chamber sound, infiltrated from outside the 
15 measuring instrument, is more powerful than the intrinsic noise of a system, the 
improvement regarding the sensitivity (response) of a detector system does not 
improve the determination of a gas to be analyzed. A typical method for reducing 
disturbances created by external sounds is sound proofing. Proofing is capable of 
damping external sounds at a coefficient of 10000-100000. 

20 

Another prior known means of reducing disturbances caused by external sounds 
comprises the use of double detection for a partial reduction of interfering sounds. 
In prior known double detection systems, a measuring system is provided which is 
identical to the regular measuring system, said identical system being denied the 

25 access of light, and it only measures sound within the chamber. Then, according to 
the solutions of prior art systems, there is performed a direct amplification of the 
difference between the actual measuring signal and a reference signal given by the 
identical measuring system. However, a problem with double detection systems as 
described above is e.g. that these systems only function in a special situation over a 

30 narrow frequency band. The problem is due to a phase difference created between 
sensors in the measuring systems. 

SUMMARY 

Consequently, it is an object of the photoacoustic detector, the sensor for the 
photoacoustic detector and the method in the optimization of a door used as a sensor 
35 for the photoacoustic detector, in accordance with the invention, to eliminate or at 
least alleviate the above-described prior art problems. 
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Another object of the photoacoustic detector, the sensor for the photoacoustic 
detector and the method in the optimization of a door used as a sensor for the 
photoacoustic detector, in accordance with the invention, is to provide an accurate 
and highly sensitive photoacoustic detector. 

5 

A further object of the present invention is to provide a photoacoustic detector, 
wherein the effect of disturbance factors resulting from external sounds on a 
measuring result has been reduced. 

10 A further object of the photoacoustic detector according to a highly preferred 
embodiment of the present invention is to provide a method for improving the 
sensitivity of the photoacoustic detector and a photoacoustic detector, in which the 
photoacoustic detector comprises a sensor formed of a door, the sensitivity of which 
is improved by lowering a resonance angular frequency of the door. 

15 

A further object of the photoacoustic detector according to a highly preferred 
embodiment of the present invention is to provide a method for determining an 
optimal size of a chamber of the photoacoustic detector. 

20 A further object of the photoacoustic detector according to a highly preferred 
embodiment of the present invention is to provide a highly sensitive sensor used in 
the photoacoustic detector and a method for optimization of the sensor. 

In order to fulfill the above objects, among other things, the photoacoustic detector, 
25 the sensor for the photoacoustic detector and the method in the optimization of a 
door used as a sensor for the photoacoustic detector, all according to the invention, 
are principally characterized by what is set forth in the characterizing clauses of the 
independent claims. 

30 Thus, in a typical photoacoustic detector of the present invention, the means for 
detecting pressure variations created in the first chamber by absorbed infrared 
radiation and/or light comprise at least an aperture provided in the wall of the first 
chamber, in association with which is provided a door adapted to be movable in 
response to the movement of a gas, and means for a contactless measurement of the 

35 door movement. In this context, the term contactless measurement is used in 
reference to measuring actions performed without one or more sensor that is 
attached to a door, or in a mechanical communication or contact to it, such as, for 
example, without a piezoelectric sensor that is attached to a surface of a door. That 
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is, in contactless measurement, measuring means that disturb and/or suppress the 
movement of a door, are not attached or connected to a door. Such contactless 
measuring methods are, for example, different kinds of optical measuring methods. 
Furthermore, the above mentioned capacity measurement, in which the door of the 
5 present invention is arranged as the second sheet, is regarded as a contactless 
measuring method. 

In a preferred photoacoustic detector according to the present invention, the door 
has a surface area which is at most equal to that of the aperture provided in the first 

10 chamber. In this context, the surface area of the aperture refers to a surface area of 
an imaginary level. The surface area of the door refers to a surface area of an 
azimuthal projection for a door that is projected in the imaginary level of the 
aperture. Thus, if the surface of the door is curved, for example, the real surface area 
of the door can be greater than that of the aperture, but the surface area of the 

15 azimuthal projection for a door according to the present invention is also then 
smaller than the surface area of the aperture. 

In a preferred photoacoustic detector according to the present invention, the door is 
at least by one side mounted on a frame structure encircling the side faces of the 
20 door. Very advantageously, the door and the frame are fabricated from silicon, for 
example by forming a gap in a silicon wafer, the gap separating, excluding 
attachment points, the door from the rest of the wafer forming the frame. 

In a preferred photoacoustic detector according to the present invention, the means 
25 for the contactless measurement of the door movement comprise: an optical 
measuring system, comprising at least one or more light sources for illuminating the 
door or a part thereof and one or more detectors for receiving light reflected from 
the door and for measuring the door movement as optical angular and/or translatory 
measurement, or a capacitive measuring system, whereby the door or a part thereof 
30 is coated with metal or the door is fabricated from an electrically highly conductive 
material, and which measuring system comprises a metal film or a metal-coated 
diaphragm set in the proximity of the door, as well as means for measuring the 
capacitance variations of a capacitor established by the door and the metal film. In 
some applications the system may comprise both optical and capacitive measuring 
35 systems. It is also possible that in addition to the optical and/or the capacitive 
measuring systems the photoacoustic detector comprises also other measuring 
systems for contactless measurement for the door movement. 
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In a highly preferred photoacoustic detector according to the present invention the 
means for the contactless measurement of the door movement are arranged in a 
second chamber, which constitutes a measuring space with a volume V and which is 
in communication with the first chamber by way of the aperture of the first chamber 
5 aperture. 

In a highly preferred photoacoustic detector according to the present invention, in 
communication with the second chamber is further provided a third chamber which 
is identical to the first chamber in terms of its size and has an aperture which is 

10 identical to that included in the first chamber and connects the third chamber with 
the second chamber, which aperture of the third chamber is closed with a door 
similar to that closing the aperture of the first chamber, the movement of which door 
is measured in a manner similar to that used for measuring the movement of the 
door closing the first chamber aperture. Hence, the actual measuring signal and the 

15 reference signal can be measured separately and calculated for their amplitudes, the 
difference therebetween enabling an accurate filtration of external noises. 

A typical sensor of a photoacoustic detector according to the present invention 
comprises a panel-like skirt element serving as a door frame, and a door separated 
20 from the panel-like skirt element by means of a gap. Preferably, the sensor is 
arrangable in communication with a chamber included in a photoacoustic detector 
and containing a gas to be analyzed, such that the door is moved by pressure 
variations created in the chamber by absorbed infrared radiation and/or light. 

25 The sensor according to a highly prefered embodiment of the present invention does 
not comprise sensors fixedly mounted thereon and/or fixedly arranged in 
communication therewith for detecting and/or measuring the door movement. 

The most important advantage of the present invention is its accuracy and sensitivity 
30 compared with typical photoacoustic detectors. 

Furthermore, an advantage of the photoacoustic detector and the sensor of the 
photoacoustic detector according to the present invention is their simple structure 
and small size. 

35 

The most important advantage of the method in the optimization of a door used as a 
sensor for the photoacoustic detector according to the present invention is that the 
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method is accurate and easy to apply in the optimization of the photoacoustic 
detector, and, especially in the optimization of the door used in it. 

BRIEF DESCRIPTION OF THE DRAWING FIGURES 

The invention will now be described in more detail with reference to the 
5 accompanying drawing, in which 

Fig. 1 shows schematically a design for a photoacoustic detector of the 
invention, 

Fig. 2 shows schematically a pressure sensor for a photoacoustic detector of the 
1 0 invention obliquely from above, 

Fig. 3a shows schematically a pressure sensor for a photoacoustic detector of the 

invention from the front, 
Fig. 3b shows schematically a pressure sensor for a photoacoustic detector of the 
invention in a cross-section, 
1 5 Fig. 4a shows schematically the effect of a resonance angular frequency oo 0 on an 
amplitude A x (co), 
Fig. 4b shows schematically modeling of a door resonance, 

Fig. 5 shows schematically a measuring system of the present invention for the 

movement of a pressure sensor door on the basis of angular variation of 
20 the door, 

Fig. 6 shows schematically a light intensity for a double detector in the 

measuring system of figure 5, 
Fig. 7 shows schematically a measuring system of the present invention for the 

movement of a pressure sensor door on the basis of a translatory 
25 measurement of the door, 

Fig. 8 shows schematically a measuring system of the present invention for the 

movement of a pressure sensor door, based on the use of a Michelson 

interferometer, 

Fig. 9 shows schematically an interference fringe developed on a triple detector 
30 in the measuring system of figure 8, 

Fig. 10 shows schematically discontinuities in a tangent, 

Fig. 11 shows schematically one preferred door design for a photoacoustic 

detector of the present invention, 
Figs. 12a and 12b show schematically a few optional door designs for a 
35 photoacoustic detector of the present invention, and 
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Fig. 13 shows schematically a measuring system of the present invention for the 
movement of a pressure sensor door, by means of an optical multiplier 
based on multiple reflection. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

5 Figure 1 shows schematically one embodiment for a photoacoustic detector of the 
present invention. As depicted in the figure, the photoacoustic detector comprises 
gas-filled chambers V and V 0 , which contain or which can be supplied with a gas to 
be analyzed at a partial pressure p x and a carrier gas at a partial pressure p N (typically 
often nitrogen). The first chamber V 0 is composed of an annular housing element 1, 
10 having its first open end provided with a window 2 closing the first end of the 
chamber, through which infrared radiation or light in general can be guided into the 
chamber. The window 2 is preferably made highly transparent to infrared radiation 
and/or light and has preferably a thickness of about 3-6 mm. The chamber V 0 will be 

subsequently described in more detail regarding its dimensions and optimization 
15 thereof. The chamber V 0 has its second open end provided with a silicon door 3 

closing the second end of the chamber at least partially, functioning as a pressure 
sensor, and having its design more closely depicted in figures 2 and 3. In some 
special applications, the silicon door 3 can also be replaced with a microphone, a 
thin Mylar or metal film. Arranged as an extension to the second end of the first 
20 chamber V 0 , the photoacoustic detector comprises a second chamber V, constituting 

a measuring space with a volume V. The measuring space is provided with 
measuring instruments for the silicon door movement. As shown in fig. 1, the 
measuring space has its second end closed with a reference system, comprising a 
reference chamber V 0 which is closed at one end and identical to the first chamber 
25 V 0 in size. The reference chamber has its first end closed with a silicon door similar 
to that used for the first chamber. 

Figures 2, 3a and 3b depict schematically and by way of example one preferred 
silicon-made door according to the present invention, functioning as a pressure 
30 sensor. The pressure sensor comprises a panel-like skirt member 4 serving as a door 
frame, and a door separated by a slit from the panel-like member. L is a width of the 
door, h its height, d its thickness, and A a width of the slot. 

With low IR outputs of a light source conductible through the window into the 
35 chamber in a state of equilibrium, when w{t) = W av + W 0 cos(2;z/?), there follows 
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d£\ = a x p x 2l(cosa) ' JV 0 cos(2;zff) _ a x p x 2l(cosa)~ l W 0 cos(2q/f) 

where a x is an absorption coefficient for a gas at a partial pressure p x , I is a length 
of the chamber, or is an angle between the IR beam and the centre axis of the 
5 chamber, and W(t) is a net light power proceeding into the chamber. That is, W(t) is 
the light intensity * nR 2 , wherein R is a radius of the chamber, m i is a mass of the 

gas component, c l v is a specific heat capacity of the corresponding gas, p ( is a 
density of the gas /, and V 0 is a volume of the smaller chamber. For example 

10 Yj c v m i = c v m x+ c v m N = v o( c Zp x + c ?Pn)- 



It is a default in equation (1) that r« f~ x «r 0 , wherein r 0 is a time constant for 

heat conduction out of the chamber and r is a time constant for the conversion of 
absorption energy to heat. 
15 Further 

AT = T(t)-T 0 = \(*L) A _a,pM™*rWoM2#) m (2) 
3 \dt J To 2nfV 0 2Li C vPi 



20 



An equation of state for the ideal gas results in 



* + f-f. (3) 
Po V o T 0 



In the pressure sensor: 

25 2 (4) 

Adp = hc = F, 

where A represents a surface area of the pressure sensor, £ is a spring constant, and x 
is a motion. From equations (3) and (4) is obtained 

30 x „ fl T > A (co = 0). (5) 

~Ap~ 0 + 2V 0 
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Because AT presented in equation (2) is modulated by an angular frequency co, it is 
necessary to examine an equation of motion for the door (or the diaphragm), i.e. 



mx — ipmx + mcol x = F 0 e l 
' 1 ' 



(6) 



10 



where F 0 e i6)t represents a periodic force, J3 is an damping constant, co 0 = ^k/m is a 

resonance angular frequency, and x is a motion either from the end of a door or from 
the middle of a door or a diaphragm. The solution for equation (6) 



,_ (F 0 /mV 
a>l -co 2 + 2icof3 



(7) 



from which is obtained an amplitude 



15 



Jx* x - A x (a>) = 



m 



(8) 



20 



Equations (3) and (4) provide for amplitudes 



and hence 



Ap AT AV AT 1 . ,A 

— = = A\co) — 

Po To V 0 T 0 2 V 0 



AAp/m 



4p 0 



AT A x (a>)A 
. T 2V 



V(®o -oy 2 ) 1 +4p 2 co 2 myl(o) 2 -a> 2 ) 2 +4j3 2 0} 2 



25 from which 



4» = 



Ap 0 



AT 



m^(a> 2 -a> 2 ) 2 +4/3 2 a> 2 +^1 

2f^n 



(9) 
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Figure 4a shows schematically the effect of a resonance angular frequency co 0 on a 
door or diaphragm amplitude A x ((o). 

If co = 0 , then equation (9) results in equation (5), i.e. A x (6) = x , because = k . 

5 

It is preferred that the resonance of a door or a diaphragm be modelled in such a 
way that the increase of amplitude brought by resonance around co 0 is not taken into 
consideration (see fig. 4b). That is, if ox co 0 , the result is 



10 A x {a>)~ ^ A7 ^ - ^° Ar / r Q , (10) 

0 2F 0 ^ 2F 0 2V 0 



and if <w > a> 0 , the result is 



25 



2^, 



15 

where p represents a door (or diaphragm) density and d is a thickness. If resonance 
is not utilized, it is advisable to use a door (or a diaphragm) at less than the 
resonance angular frequency co 0 , i.e. to use equation (10), which indicates that the 
optimization, i.e. maximization, of amplitude A x {a>) for door (or a diaphragm) 
20 movement must be done by means of co 0 , d, V Q and A. The lower co Q and A are, the 
higher is A x {co). 



Amplitude reaches a maximum, when pda>l +^^- reaches a minimum. This 
happens when 



2V Q 



02) 



2V 0 



and 



30 



A?{p) « Po AT / T ° = Po AT / T o 



2pda>, 



PqA 
2V n 



(13) 
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By means of equations (1) and (2), the result from equation (13) is 

, rW ,w^fe 5 (14 ) 

5 where o? < o 0 . The equation indicates that the best way to augment a response is to 
reduce angular frequencies co and co 0 . It is to be noted, that by disregarding or 

P A 

without optimizing the term , the best possible optimization result will not be 

2V 0 

attained. Thus, optimization can and typically should be carried out by optimizing 
also factors A and/or d. With typical commercially available microphones, the 
10 resonance frequency f 0 =o) 0 /2x is typically 10-20 kHz. If a microphone, whose 
resonance frequency f 0 = 20 kHz, is operated close to the resonance frequency, the 
result is A° x pt (20 kHz). If a similar diaphragm is used to construct a new microphone, 
whose resonance frequency f 0 =500 Hz, then 

1 5 AT (500Hz) = ^g^ j AT (20kHz) = 40 3 AT (20kHz) = 64000^ (20kHz) , (15) 

provided that the microphones are optimized according to equation (12). Further, if 
a microphone optimized for the frequency of 500 Hz were operated at the frequency 
of 50 Hz, the response would further grow tenfold and the improvement factor 
20 would thus be 640000. The resonance frequency can be decreased on the basis of a 
subsequent equation (16) by making a door (or a diaphragm) thinner. This provides 
a further improvement at a ratio d/d 2 provided that the thinning of a door or a 
diaphragm is technically possible. 

25 Resonance angular frequencies depend on the dimensions and material of a door (or 
a diaphragm). For a door 



^=Jf^|-> A=LK (16) 



30 where E is a Young's modulus for the material, p is a density, L is a width of the 
door, h is a height, and d is a thickness. 

For a circular metal diaphragm, which is not under tension 
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20 



30 



E Ad 



3p(l-a 2 ) r 2 ' 

where cr= Poisson's ratio and r is a radius of the diaphragm 
5 For a tensioned thin film (for example Mylar) 

"I 



where T represents a tension of the film and ju is a mass/unit area, i.e. 
10 ju = m/a = pdA/A = pd. 

To be exact, even for a thin film (Mylar 2 |im) applies 

vL^e&I+t&I* (19) 

15 where nevertheless £ 6) 0 2 « T col . 

If comparison is made between a door according to one exemplary embodiment of 
the present invention, fabricated from the same material (silicon) and having a 
height L /s, with a circular diaphragm not under tension, the result will be 



A opt 
^door _ 0 _ 



8 ^ 



20, (20) 



4£ ~ L^(i-^ 2 J. 

if 5 = 10, i.e. the door has a height which is one tenth of the width L. 

25 If comparison is made between a door according to one exemplary embodiment of 
the present invention with a tensioned Mylar film usually employed in prior art 
microphones, the result will be 

topt f Z7\^5 



A opt ( F 

^door -~f f 

A opt 
± Mylar 



where F represents a total tensile force in Newtons and 5=10. The ratio is typically 
10-20, depending on how little force F is required to make the film functional. 
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Thus, a door according to the present invention provides a solution which imparts an 
improvement of at least one order of magnitude in the response of a sensor. If this 
improvement is added to that gained by angular frequency, a low resonance door 
can be created which provides in a highly advantageous manner an improvement of 
5 a few million in the response of a sensor. 

The use of a door-sensor according to one embodiment of the present invention 
requires that a slot or gap between the door and the wall be preferably made as 
narrow as possible. The chamber leaks through the gap, with the result that the 
10 sensor has a lower limiting frequency , which is defined by a door gap area a as 

follows: 

/«r*v 0 £, (22 ) 

15 where v 0 is a velocity of sound in the chamber and V » V 0 . 

On the other hand, it is beneficial to have a small hole between the chambers for 
equalizing slow pressure variations between the chambers, and which hole can thus 
be designed as the above-mentioned gap between the door and the door frame. 

20 

The accuracy of a photoacoustic sensor can be improved also by replacing the prior 
art capacitive measuring of a door (or diaphragm) movement with an optical 
measuring system of the present invention. Optical measuring causes very little 
interference with the movement of a door (or a diaphragm). According to the 
25 present invention, the movement can be measured either by means of an angle 
assumed by a door (or a diaphragm) or by means of a translatory movement of some 
point in a door (or a diaphragm). 

Figure 5 illustrates a measuring system based on angular measurement, wherein an 
30 optical indicator in the form of a laser 10 is used, while the detector is a double 
sensor 11. Besides a door 3, which serves as a sensor, the measuring system 
comprises the laser 10 as a light source, an optical lens 12 for focusing a light beam, 
and the double sensor 1 1 for receiving and measuring a light beam v reflected from 
the door 3. Hence, the double sensor comprises a first detector dl and a second 
35 detector d2. The light beam v has its focus 13 at the double sensor. Figure 6 depicts 
a light power of the measuring system on a double sensor, wherein at each point ofy 
the intensity of light is integrated in a direction perpendicular to y. 
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In the angular measurement shown in figures 5 and 6, an angle variation Aa is 
converted to a translatory motion Ay = a2Aa, which is measured with a double 
sensor d,d 2 . The angle Aa represents an average angle variation in the door area 
illuminated by a laser beam. Generally, Aa depends on a measuring spot, i.e. /. 



tan Aa = 



FL 



6EI 



1- 



L — l 



8EIAxL 2 



6UEI 



1- 



L-l 



4Ax 



3L 



1- 



L — l 



or 



Ay « 2a 



4Ax 



3L 



L-l 



(27) 



(28) 



10 



15 



The smallest movement that can be measured with a double sensor is 

^"im- (29) 

where a is the half width of a laser focus. At its minimum, a is limited by 
diffraction, i.e. 



Thus, the detectable minimum movement at the end of a door is 



(30) 



Ax. » 

mm 



8a 



1- 



L — l 



3LM 


[a + b] 




3LA(a + &) 




2D(S/N)8a 




16aD 




(5/iV) 



. (31) 



20 The illuminated area at the door has a width aD/[(a + 6) cos /?] , which provides a final 
limitation. If b « 0 and / « Z, , the preceding equation results in 



3LA, 

Ax ■ « ; 

nun i6d(s/n) 



(32) 



25 In practice D< L, i.e. 



3>l 

^ W 16(5/JV)' 



(33) 



where S is a laser intensity I g and AT is a sum noise of light and electronics. 
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5 



15 



The amplitude of a signal (fluctuation of light power) 

A v =AP di -AP di =2AyI m!a , (34) 

where AP dl and AP d2 represent changes of light power at detectors d x and d 2 , as 
well as is a maximum light power/ Ay . Now, with the help of equation (28) 



A v =a l6A ^ 



3L 



1- 











\6aA x P d ,+P dl 



3L a 



1 



(35) 



10 where P dX + P d2 = I 0 represent the light power of a laser falling on the double sensor. 
Thus, the optical indicator has a light signal whose amplitude is 



_ \6aDI 0 A x _ 16I 0 A X 
A ~3LA(a+b)~ 3X ' 

where A x is the amplitude of door movement x, which must be < A,. 



One of the benefits offered by an optical indicator of the present invention is its 
simple design, it does not interfere with door movement, and the double sensor 
20 suppresses the photon noise of laser light. Preferably, the size of a laser light spot on 
the door is large, D & L, in order to have a small a. The optical indicator of the 
present invention can also be used for measuring a diaphragm movement, the 
optimal measuring site being 
r/V3 . 

25 

Thus, according to the present invention, the door movement can also be measured 
in a translatory measurement. Figure 7 depicts a measuring system of the present 
invention, which is not an angular measurement and by which a translatory 
movement x of the door can be measured. In addition to the door, the measuring 

30 system comprises a laser 10 serving as a light source, a double sensor 11, a first 
optical 12 lens for directing a light beam focus to the surface of a door 3 presently at 
rest or in stationary condition, and a second optical lens 12 for focusing on the 
double detector a light beam reflected from the door 3. The light source, the optical 
lenses and the double detector are arranged in such a way that, when the door is at 

35 rest, the angle between light beams incident on and reflecting from the door is 90 
degrees. An advantage of the measurement is among other things that the laser beam 

16 
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is in focus at the door surface and the door may have a poor optical quality. The 
minimum movement that can be detected by the measuring system is 



Ax 



4D(S/N) 



(37) 



if the door has a mirror surface. 



10 



The minimum movement is in the same order of magnitude as in angular 
measurement, i.e. Ax^ =A/(S/N), if D = -Jla/4. Translatory measurement is also 
suitable for measuring a diaphragm movement, as well. 



15 



20 



25 



30 



According to one preferred embodiment of the invention, the movement of a door 
(or a diaphragm) can also be measured optically by using an interferometer. Figure 8 
illustrates one measuring system of the present invention for measuring the 
movement of a door (or a diaphragm) by means of a so-called Michelson 
interferometer. As shown in the figure, the system comprises, in addition to the door 
itself, a laser 10 serving as a light source, an optical lens 12 for focusing a laser 
beam, a beam splitter 1 5 or a semi-transparent mirror for splitting the laser beam for 
the door and for a reference mirror 16, the reference mirror 16 and a triple sensor 17 
for receiving the laser beams coming from the beam splitter 15. According to what 
is shown in the figure, the laser beam is approximately in focus both at the door and 
at the reference mirror. The reference mirror 16 is adjusted such that the triple 
detector 17, constituted by three sensors dl, d2 and d3, develops 3 A of the 
interference fringe perpendicular to the plane of paper. When x changes as the door 
is moving, the interference fringe moves laterally across the detectors, as shown in 
figure 9. The fringe moves across a single fringe gap, when x changes by X I 2. The 
intensity distribution of the fringe is 



l(z) = ±A 
V ' 2 



1 + cos 



I D) 



(38) 



If the interference fringe moves by 8, signals I l9 1 2 and I 3 of the sensors d l9 d 2 and d 3 
are obtained as follows: 



r.W- J i 

2D jL 



l + cosf2;r— dz 



AD AD 
+ - 



2-4 2-2n 







\ ■ To <0 




— cos 


27V — 


+ sin 2tt — 








I I D) 





, (39) 
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1 + cos) 2^" — 



AD AD 

dz = + - 



2-4 2-2n 



cos 



2n— 1 + sinf 27r — 



d) 



D 



and (40) 



4 



Thus, 



1 + cos| 2tt— 



7 AD AD 



2-4 2-2tt 





2*— ^ 






cos 




— sinf 2;r— 








1 I D) 





I 2 (e)-I l (s) = ——cos\ 2n— ] 
2W lW 2tt I £>J 

A fe) — A (f) = — — sinf 2n — 



(41) 



(42) 



10 or 



D \l 2 -l. 



(43) 



15 



Because s = Az = 2DAx/Z , then 



(44) 



Since the signals I 2 -I x and 7 2 -/ 3 are in a 90° phase relative to each other, they can 
provide a way across tangent function discontinuities shown in figure 10. Hence, in 
20 equation 



Ax = \ k+- — + — tan - 



2J4 An \I 2 -I X 



it is possible to measure changes ±1 of an integer k at tangent discontinuities 
25 0=(n + y 2 )x. 

The smallest detectable movement is 
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where S=I</2. 



If the door movement is small <X/4, the triple sensor of the above-described 
measuring system can be replaced by a double sensor the same way as in the optical 
indicator. Thus, the combined width of the sensors is equal to the width of a single 
fringe and 



10 



1 2 2 2 

, _ AD . ( e 

I x —J 2 = sin zn — 

n \ D 



(46) 



15 



Because e-Az-2DAx/A is 



An U,+/ 2 J 8/,+/ 2 4/ 0 Vl 2/ ' 



where I 0 is the laser light power. Then, the amplitude of the light signal is 



(47) 



4=/,-/ 2 *4^ 



(48) 



20 where A x is the amplitude of the door movement jc. 



Advantages gained by interferometric measurement according to the present 
invention include, among other things: According to equation (44), the response is 
highly linear even when the movement of a door (or a diaphragm) covers several 
25 wavelengths. Absolute accuracy is high, because the shape of an interference signal 
is precisely consistent with l/2(l+cos(27cz/D)). In addition, a laser can be focused 
on the measuring point of a door in an almost dot-like manner and the result is not 
affected by diffraction. Neither is the value of a measuring result affected by 
fluctuation of the laser intensity 7 0 , since the value of the maximum intensity A is 

30 reduced away in equation (44). 
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When comparing the optical indicator and the interferometer with each other, it can 
be concluded that the equation (33) does not work out in practice, because a square 
(rectangular) door is not the optimal form when optimizing the equation (10). That 
is, in other words, the optical indicator and the interferometer of the present 
5 invention function very well also with a square (rectangular) door, but should a 
further improvement in sensitivity and accuracy be desired, the door shape must be 
changed. When using a door whose height is one tenth of its width L (i.e. s— 10), 
according to fig. 1 1 the equation (31) results in 

10 ^ m 16 J^S/N) m S^f 9 (49) 

which is 16-fold with respect to the corresponding value of an interferometer 

(equation (45)). Further, the interferometer will be improved with respect to the 

optical indicator, if s grows, i.e. the door becomes shorter, which, on the other hand, 
15 also increases the amplitude A x {a>) of door movement. 

The configuration of a door can still be improved, for example by further reducing a 
resonance frequency by weakening a door hinge by grooving the hinge in its mid- 
section as shown in figure 12a and/or by augmenting the surface area of a door at 

20 the end of the door as shown in figure 12b. The door design shown in figure 12b is 
particularly suitable for the multiplier solution of an interferometer as described in 
more detail hereinafter. The door shown in figure 12b can be realized also by using 
more than one bar, whereby stiffness of the door increases and rotation of the door 
resulting in the pressure on the door diminishes. According to the present invention, 

25 the door can be realized also in such a manner, that the door, the surface area of 
which is smaller than the surface of the aperture, is hinged by using a long bar, 
whereby the structure shown in figure 12a, for example, can act as a bar, the door 
being attached to a head of the bar or formed as part of an end of the bar. An 
advantage of a long bar is that the use of a long bar reduces door resonance. 

30 

Since the use of an interferometer develops an almost dot-like spot on the door, it is 
possible to apply multiple reflection, i.e. a multiplier, in the interferometer as shown 
in figure 13. Laser light v travels to an end mirror, reflecting n times from the door 3 
and from a fixed plane mirror 20, which is mounted in the vicinity of the door and 
35 preferably arranged parallel to the door surface. The laser has its focus in the 
proximity of the end mirror 21, from which the laser beam returns along the same 
path, reflecting another n times from the door. If the door nudges a distance Ax , the 

20 
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optical distance changes in the interferometer by 4nAx and the response increases 
2n fold, if there are no reflection losses. 

If the mirrors and the door have a reflection coefficient R, the equation (45) adopts 
5 now a new form: 

**nun = 2nR 4 -%S/N) = 2nP n ~ 2 ' (50) 

This method provides about a 10-fold augmentation of sensitivity. Multiple 
10 reflection can also be applied in a laser reflection of the present invention for 
translatory measurement, since the laser has its focus on the door. 

When comparing an optical indicator of the present invention and an interferometer 
with each other, it can be concluded that both measuring systems of the present 

1 5 invention are capable of providing a substantial improvement regarding the accuracy 
and sensitivity of measurement. Interferometric measurement is even somewhat 
more precise than an optical indicator, but at the same time the measuring system is 
slightly more complicated. Hence, the required sensitivity should be considered in 
light of a specific application and case for selecting the appropriate measuring 

20 method. 

As stated above, a problem with prior known photodetectors is disturbance caused 
by external sounds. According to the present invention, the effect of external sounds 
can be suppressed by means of a per se known double detector, which is shown in 
25 fig. 1. According to the present invention, the actual measuring signal and a 
reference signal are measured separately and calculated for their amplitudes, the 
difference therebetween enabling a more accurate and effective filtration of external 
noises. Especially in a frequency range, where there is no signal developed by a gas, 
the interfering noise can be substantially reduced. 



30 



There is no intention whatsoever to limit the invention to the embodiment described 
in the foregoing disclosure, but it can be varied within the scope of the inventive 
concept set forth in the claims. 
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